Sperm RNA is a sensitive monitoring endpoint for male reproductive toxicants, and a potential biomarker to assess male infertility and sperm quality. However, isolation of sperm RNA is a challenging procedure due to the heterogeneous population of cells present in the ejaculate, the low yield of RNA per spermatozoon, and the absence of 18S and 28S ribosomal RNA subunits. The unique biology of spermatozoa has created some uncertainty in the field about RNA isolation methods, indicating the need for rigorous quality control checks to ensure reproducibility of data generated from sperm RNA. Therefore, we developed a reliable and effective protocol for RNA isolation from rat and human spermatozoa that delivers highly purified and intact RNA, verified using RNA-specific electrophoretic chips and molecular biology approaches such as RT-PCR and Western blot analysis. The sperm RNA isolation technique was optimized using rat spermatozoa and then adapted to human spermatozoa. Three steps in the sperm isolation procedure, epididymal fluid collection, sperm purification, and spermatozoon RNA extraction, were evaluated and assessed. The sperm RNA extraction methodology consists of collection of rat epididymal fluid with repeated needle punctures of the epididymis, somatic cell elimination using detergent-based somatic cell lysis buffer (SCLB) and the use of RNA isolation Kit. Rat sperm heads are more resistant to disruption than human spermatozoa, necessitating the addition of mechanical lysis with microbeads and heat in the rat protocol, whereas the human sperm protocol only required lysis buffer. In conclusion, this methodology results in reliable and consistent isolation of high-quality sperm RNA. Using this technique will aid in translation of data collected from animal models, and reproducibility of clinical assessment of male factor fertility using RNA molecular biomarkers.
INTRODUCTION
Infertility, defined as the inability of a couple to conceive after 1 year of regular and unprotected sexual intercourse, affects 7% of couples worldwide (Inhorn & Patrizio, 2015) . Approximately 50% of all infertile cases may be attributed to male factors (Jarow et al., 2002) . Semen analysis, performed according to World Health Organization (WHO) criteria, plays a key role in the diagnosis of male infertility (Gottardo & Kliesch, 2011) . Although sperm abnormalities are common in infertile men, almost 50% of patients are diagnosed with idiopathic infertility to which genetic factors are contributors (Lipshultz & Lamb, 2007) .
Spermatogenesis is a specialized process, where male germ cells differentiate from spermatogonia to spermatozoa after haploidization and a multitude of morphological changes (Kierszenbaum, 1994) . To deliver paternal DNA to the oocyte, the majority of sperm histones are replaced by protamines to attain nuclear chromatin compaction (Miller et al., 2010) . The contribution of the spermatozoa as a delivery vehicle of paternal genetic information to the ovum is now well understood (Wassarman et al., 2001) , a process that is not limited to only DNA (Sutovsky & Schatten, 2000) . In fact, spermatozoa RNAs are also delivered to the oocyte contributing to early embryo development (Ostermeier et al., 2004 (Ostermeier et al., , 2005 Krawetz, 2005) . Transcriptional activity is high in primary spermatocytes, decreases during progression of meiosis, increases again during spermatid development, and arrests during the nuclear elongation phase that is the final maturation step in spermatogenesis (Dadoune et al., 2004) . Mature spermatozoa, despite being transcriptionally and translationally inert, possess several types of RNAs that accumulate in the sperm cell nucleus (Krawetz et al., 2011; Jodar et al., 2013; Yuan et al., 2016) .
The study of sperm RNAs has been challenging because of the difficulty associated with sperm RNA isolation. Several sperm RNA isolation protocols have been developed showing highly variable sperm RNA yield due not only to the different approaches used but also to the heterogeneity of RNA within an individual sperm sample (Lalancette et al., 2009; Cappallo-Obermann et al., 2011; Mao et al., 2013 Mao et al., , 2014 Barragan et al., 2015) . Spermatozoa contain a very low abundance of RNAs (Krawetz, 2005) , some of which are localized to the nucleus, and lack ribosomes (Ostermeier et al., 2002) . Due to the protamine-packed chromatin structure with its highly enriched disulfide bonds, detergent lysis extraction is difficult (Goodrich et al., 2007 Jodar et al., 2013) . In addition, isolating RNAs is variable among different species due to differences in sperm morphology and chromatin packaging (Das et al., 2010; Shafeeque et al., 2014; Schuster et al., 2016) .
Gene expression profiling of mammalian spermatozoa has been proposed as a novel non-invasive tool to evaluate male fertility and testicular toxicity (Campion et al., 2013; Dere et al., 2016) . As the reliability and reproducibility of these analyses depend on the quality of the RNA isolated, this study developed and optimized a rat sperm RNA extraction protocol that was then adapted to human sperm samples. Rat is known to be a key model for mechanistic studies of human reproduction; therefore, rats were used to optimize the RNA sperm extraction protocol. Indeed, rat models are crucial in the field of toxicology and drug development due to regulatory requirements and physiological similarities to humans (Iannaccone & Jacob, 2009 ). Semen contains somatic cells, including leukocytes and epithelial cells, along with spermatozoa; somatic cell removal is essential to avoid contamination of the sperm transcripts (Krawetz, 2005; Jodar et al., 2013) , as the amount of RNA per spermatozoa is on the order of femtograms, rather than picograms as in somatic cells (Pessot et al., 1989; Krawetz, 2005) . RNAs present in spermatozoa are also unique, with small non-coding RNA molecules such as miRNAs (Ostermeier et al., 2005) , piwiRNAs (Krawetz et al., 2011) , and tsRNAs (Peng et al., 2012) making up a large percentage of the total RNA. Therefore, we investigated RNA integrity, quality, and content to identify the natural RNA profile in rat and human mature spermatozoa.
MATERIALS AND METHODS

Animals and sample collection
A total of 31 male adult Fisher rats, weighing approximately 250 g, were purchased from Charles River (Wilmington, MA, USA). The rats were allowed free access to Purina Rodent diet 5010 (PharmaServ, Framingham, MA, USA) and filtered tap water ad libitum. All animals were housed in the Brown University animal care facility and maintained in humidity -(30-70%) and temperature-controlled rooms (25-28°C) with a 12 : 12-h light-dark cycle. All procedures were approved by Brown University Institutional Animal Care and use Committee (IACUC Protocol # 1504000132) and conducted in accordance with Guide for the Care and Use of Laboratory Animals. Animals were euthanized via CO 2 asphyxiation followed by thoracotomy. Bilateral cauda epididymides were collected and subjected to microdissection under a dissection scope, where individual epididymal tubules were identified and disrupted, or repeatedly punctured with 18G and 22G needles. The disrupted and punctured epididymides were incubated in PBS for 10 min at 37°C to release spermatozoa. Remaining epididymal tissue was removed from the cell suspension and discarded.
Rat sperm preparation for RNA isolation
The cell suspension obtained from the epididymides was centrifuged and the pellet resuspended in either red blood cell lysis buffer (RBC), made of 155 mM NH 4 Cl, 12 nM NaHCO 3 , 0.1 mM EDTA, or somatic cell lysis buffer (SCLB), made of 0.05% sodium dodecyl sulfate (SDS) and 0.25% Triton X-100, and incubated on ice for 10 min. Percoll gradient isolation (Kaneko et al., 1986; Pousette et al., 1986) and swim-up (Francavilla et al., 1985; Wikland et al., 1987; Han et al., 2016) approaches have not been assessed because both these techniques select only motile spermatozoa. The sperm cells were centrifuged to the bottom of the tube and transferred into a new tube and washed twice with PBS.
Patients and sample collection
Human ejaculates were collected from 343 male partners aged 18 to 55 years of couples presenting to the Division of Urology for male factor infertility evaluation. The study was approved by Rhode Island Hospital Institutional Review Board Protocol #403908. Participants involved in this study gave informed consent to use their semen for research. Clinical investigation was conducted according to the principles expressed in the Declaration of Helsinki. Semen samples were obtained by masturbation after 3-5 days of sexual abstinence. Samples were collected in sterile conical tubes, allowed to liquefy at 37°C for 30 min and underwent diagnostic semen analysis according to World Health Organization (2010) guidelines.
Purification of human spermatozoa
Following diagnostic semen analysis, human sperm samples were washed with warm sperm wash medium (Irvine Scientific, Santa Ana, CA, USA) and somatic cells were lysed using SCLB. Four different SCLB buffers were used: SCLB A made of 0.1% SDS and 0.5% Triton X-100 (n = 191), SCLB B made of 0.05% SDS and 0.25% Triton X-100 (n = 239), SCLB C made of 0.025% SDS and 0.25% Triton X-100 (n = 3), SCLB D made of 0.01% SDS and 0.10% Triton X-100 (n = 16). The sperm cells were centrifuged to the bottom of the tube and transferred into new 15-mL tubes and washed twice with PBS. Each sample of purified spermatozoa was divided into two aliquots: One of them was immediately pelleted and frozen at À80°C for Western blot and the other one used for the RNA isolation.
Rat sperm RNA isolation
Total rat sperm RNA was isolated using the mirVana miRNA isolation Kit (Life Technologies, Waltham, MA, USA) following the manufacturer's instructions with modifications at the sperm lysis step. The sperm pellet was resuspended in mirVana lysis buffer and 100-lL 0.2-mm RNase-free stainless steel microbeads (Next Advance, Troy, NY, USA) and placed on a disruptor shaker for 5 min at room temperature. Rat sperm samples after homogenization were incubated at 65°C for 5 min. After sperm lysis, a small aliquot was placed on a glass slide followed by covering with a coverslip for microscopic examination to ensure sperm nuclei were completely lysed. The completely lysed sperm samples were subjected to the mirVana miRNA isolation protocol. All rat sperm samples were DNA digested by adding 0.045 U/lL RNase-free DNase I (Qiagen, Valencia, CA, USA) and forced through a 27G needle on a 1 cc syringe four to five times and incubated at room temperature for 10 min. The DNA-digested lysate was then subjected to organic phase separation using acid-phenol chloroform pH 4.5 (Ambion, Naugatuck, CT, USA), and RNA was isolated from the aqueous phase according to the mirVana kit instructions. RNA was recovered as total RNA from rat spermatozoa and cleaned up by ethanol precipitation protocol adding 0.1 volumes of 3M sodium acetate and 2.5 volumes ice cold 100% ethanol. The precipitation was allowed to proceed overnight at À80°C. The RNA was centrifuged at 4°C, 18,000 g for 30 min. Pellet washed with 0.5 mL of ice cold 75% ethanol, spinning at 4°C for 10 min. After the supernatant was poured off, the RNA pellet was air-dried for 5 min. The pellet was then resuspended in an appropriate volume of nuclease-free water.
Human sperm RNA isolation
Human sperm RNA was isolated using the mirVana miRNA isolation Kit (Life Technologies) following the manufacturer's instructions. The sperm pellet was resuspended in mirVana lysis buffer and placed on a disruptor shaker for 5 min at room temperature. The completely lysed sperm samples, assessed by microscopic examination, were subjected to the mirVana miRNA isolation protocol. The lysate was then subjected to organic phase separation using acid-phenol chloroform, pH 4.5 (Ambion), and RNA was isolated from the aqueous phase according to the mirVana kit instructions. Some human sperm RNA samples were split into two fractions, large RNA and small RNA. Sperm RNA samples were cleaned up by ethanol precipitation protocol and resuspended in an appropriate volume of nuclease-free water as previously described.
Evaluation of sperm RNA quality and integrity
Sperm RNA quantity and quality were assessed using the NanoDrop Spectrophotometer and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The RNA integrity number (RIN) was measured to estimate the presence of 18S and 28S ribosomal subunits. Band intensity of 18S and 28S ribosomal subunits was quantified by densitometric analysis using IMAGEJ software (NIH). Quantitative RT-PCR for PRM2 was performed to look at integrity of spermatozoa, while CD45 and CDH1 determined the presence or absence of leukocyte and epithelial cell contamination, respectively.
Real-time qPCR
The RNA was reverse-transcribed to cDNA using the RT 2 firststrand kit (Qiagen). RT-PCR was performed using the RT 2 qPCR
Primer Assays for Prm2/PRM2 (cat# PPR44836A, cat# PPH07137A, Qiagen), CDH1 (cat# PPR42461A, Qiagen), and CD45 (cat# PPH01510C, Qiagen). RT-PCR was performed according to manufacturer's instructions using SYBR Green (Qiagen). All assays including no template controls were carried out in triplicate. Samples were placed onto 96-well plates using an epMotion â 5057 automated pipetting system (Eppendorf, Hauppauge, NY, USA) and run on a ViiA 7 RT-PCR System (Life Technologies, Grand Island, NY, USA) using manufacturer recommended cycling conditions. Three housekeeping genes were selected as internal control for rat spermatozoa (Rplp0 # PPR42394A, Rplp1 # PPR42363C, Actb # PPR06570C, Qiagen), while two stable housekeeping genes were used as internal control for human spermatozoa (UBC # PPH00223F, RPLP2 # PPH20727A, Qiagen). The threshold cycle (Ct) values were determined from the amplification plot. The target gene Ct values were normalized to the geometric mean of all stable housekeeping genes and analyzed using the comparative Ct method (ΔΔCt method) for fold change expression. The human sperm RT-PCR products were resolved on 2% agarose gels and visualized by staining with ethidium bromide.
Western blot
Protein lysates were prepared by incubating the frozen sperm pellet in 2% SDS lysis buffer with 1% phenylmethylsulfonyl fluoride (PMSF) and 1% protease and phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL, USA) for 10 min at 99°C. After the samples were allowed to cool down on the bench, the samples were centrifuged for 10 min at 13,400 g. The supernatants were aspirated and placed in new tubes, and the protein concentration was determined for each sample using the Protein Assay Kit (Bio-Rad, Hercules, CA, USA). As positive controls, protein lysates from a breast cancer cell line (MCF7) (ATCC, Manassas, VA, USA) and an immortalized line of human T lymphocyte cells (Jurkat) (Cell Signaling Technology, Danvers, MA, USA) were used. The protein lysates were denatured and reduced with a loading buffer containing 4% anionic denaturing detergent SDS, 20% glycerol, 0.004% bromophenol blue, 10% ß-mercaptoethanol, and 0.125M Tris-HCl (pH 6.8) and incubated at 95°C for 10 min. Proteins were separated by SDS-PAGE and electrotransferred to ImmunoBlot PVDF membrane using the Trans-Blot Turbo Blotting System (Bio-Rad). PVDF membranes were blocked with 5% non-fat milk for 1 h at room temperature and incubated with the primary antibodies overnight at 4°C: anti-CD45 (rabbit polyclonal 1 : 1000, #13917, Cell Signaling Technology) and anti-E-Cadherin (mouse monoclonal 1 : 1000, #14472S, Cell Signaling Technology). After washing the membranes with 0.01% TBS buffer, the membranes were incubated for 1 h at room temperature with the following secondary antibodies: HRP-conjugated anti-rabbit (#7076S Cell Signaling Technology) and HRP-conjugated anti-mouse (#7074S, Cell Signaling Technology). Immunodetection was determined using ECL-plus kit (#21106, Thermo Scientific, Waltham, MA, USA). High sensitivity and resolution images were obtained using the ChemiDoc MP and ChemiDoc Imaging System (Bio-Rad).
Statistical analysis
All data are presented as mean AE standard error of the mean (SEM). Statistical analysis was performed using GRAPHPAD PRISM software (La Jolla, CA, USA). Two-tailed Student's t-test was run across comparable methods for differences in the average RIN value, band intensity of 18S and 28S ribosomal RNAs, and expression of Prm2. Two-tailed Student's t-test was also used to determine statistical differences in RNA yield between mirVana lysis buffer-and mirVana lysis buffer with microbeads-treated human sperm samples. Values were considered to be significant at p-value <0.05. The RNA yield analysis between different SCLB 376 Andrology, 2018, 6, 374-383 buffers was conducted using a one-way analysis of variance followed by multiple comparisons using the Tukey test.
RESULTS
The rat sperm sample collection, preparation, and RNA isolation procedure is summarized in Fig. 1 . Two methods were used to collect rat sperm samples: microdissection (method A, n = 7) or repeated needle puncture of the epididymis (method B, n = 6). Electropherograms showed that sperm RNAs isolated from semen collected using both methods contained ribosomal 18S and 28S peaks, although the average RIN value and the intensity of the 18S and 28S ribosomal RNA bands were significantly reduced in samples collected by repeated needle puncture compared to the samples collected by microdissection of epididymis (RIN value: method A 5.30 AE 0.12, method B 4.00 AE 0.35, p = 0.0031; 18S rRNA p = 0.0007; 28S p < 0.0001) ( Fig. 2A,C) . Two methods were used to remove somatic cells from the rat sperm isolates: SCLB (method D, n = 10) and RBC lysis buffer (method E, n = 17) (Fig. 1) . Electropherogram profiles consistently showed decreased presence of 18S and 28S peaks in SCLB-treated samples (method D) compared to the RBC lysis buffer-treated samples (method E); indeed, RNA samples processed using method D showed significantly reduced RIN value compared to method E (RIN value: method D 2.41 AE 0.07, method E 2.73 AE 0.06, p = 0.0027) (Fig. 2B) . The intensity of 18S and 28S ribosomal bands was significantly decreased in SCLB-treated samples compared to the RCB lysis buffer-treated samples (18S rRNA p = 0.0002; 28S rRNA p = 0.0007) (Fig. 2D) .
Sperm RNA quality was further validated by quantitatively assessing RT-PCR protamine 2 (Prm2) transcript levels. Prm2 gene expression levels were higher in RNA samples collected by repeated needle puncture compared to the samples collected by microdissection of epididymis (Fig. 3A) . Furthermore, Prm2 mRNA levels were significantly increased in RNA samples processed using method D compared to method E (p = 0.0227, Fig. 3B ), indicating higher sperm purity after SCLB treatment. Complete spermatid head lysis was confirmed by microscopy, which showed intact fluorescent spermatid heads after lysis buffer alone (method C) and nuclear dissolution after lysis buffer with additional heat and microbeads treatment (method D, Fig. 4A ). RNA per spermatozoa was found to be 10-fold higher in RNA samples processed using method D compared to method C (p = 0.072, Fig. 4B ).
Human sperm samples used for this study showed a sperm density in fresh ejaculates ranging from 4.6 to 268 9 10 6 /mL with motility between 19 and 81%. The sperm RNA preparation and isolation procedure is summarized in Fig. 5A . As the rat study showed that SCLB containing 0.05% SDS and 0.25% Triton X-100 effectively minimizes somatic cell contamination and increases spermatozoa recovery, the human sperm purification step to eliminate somatic cells was performed using SCLB. Different concentrations of SLCB were used to eliminate somatic cells contamination such as SCLB A (0.1% SDS and 0.5% Triton X-100, n = 191), SCLB B (0.05% SDS and 0.25% Triton X-100, n = 133), SCLB C (0.025% SDS and 0.25% Triton X-100, n = 3), and SCLB D (0.010% SDS and 0.10% Triton X-100, n = 16). Sperm purification with SCLB B resulted in a higher RNA yield per spermatozoa compared to the other SCLBs (Fig. 5B) . Contrary to the findings with rat spermatozoa, no difference was detected in RNA yield per human spermatozoon between sperm samples using lysis buffer alone or lysis buffer with beads (Fig. 5C ). The highest RNA yield was isolated from human spermatozoa using the miRNA isolation kit after elimination of somatic cells using SCLB B containing 0.05% SDS and 0.25% Triton X-100, and lysis buffer without microbeads.
Quality checks were then performed on this total RNA sperm isolate. The electropherogram profiles showed the absence of rRNAs, 18S and 28S ribosomal subunits, and RNA integrity Number (RIN) between 2.00 and 3.00. Furthermore, genomic DNA contaminating peaks in the 20,000 bp region were not observed (Fig. 6A) . Sperm RNA quality was further validated by RT-PCR. The absence of CDH1 and CD45 and the expression of PRM2 confirmed sperm RNA purity (Fig. 6B) . As a spermatozoon contains far less mRNA than a somatic cell, the number of leukocytes and epithelial cells per sperm cells in the least detectable somatic cell-sperm mixed samples was estimated. Western blot analysis was conducted using CDH1-positive MCF7 cell line, CD45-positive Jurkat cell line and SCLB B-pre-treated frozen sperm pellet. Using this approach, we determined that there was one MCF-7 cell equivalent amount of CDH1 per 1080 sperm cells (Fig. 7A ) and one Jurkat cell equivalent amount of CD45 per 2092 sperm cells (Fig. 7B ) in human spermatozoa pre-treated with SCLB B. Figure 2 Electropherograms of rat sperm RNAs isolated using different collection approaches and preparation procedures. (A) RNA electropherogram profiles of rat spermatozoa collected by the whole epididymal fluid microdissection (method A) and repeated needle punctures of epididymis (method B). (B) RNA electropherogram profiles of rat spermatozoa processed with somatic cell lysis buffer (method D) and red blood cell lysis buffer (method E). (C) Electropherogram band intensity of 18S and 28S rRNA peaks of rat sperm extracts from whole epididymal fluid collected by microdissection (method A) and repeated needle punctures of epididymis (method B). (D) Electropherogram band intensity of 18S and 28S rRNA peaks of rat spermatozoa processed with somatic cell lysis buffer (method D) and red blood cell lysis buffer (method E). 18S and 28S rRNA peaks (red arrows). Data were analyzed using a two-tailed Student's t-test. ***p-value <0.001, ****p-value <0.0001. [Colour figure can be viewed at wileyonlinelibrary.com].
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DISCUSSION
Semen analysis is the pivotal and initial laboratory test when evaluating male factor infertility, although 'normal' semen parameters can vary widely. However, the standard semen analysis has limited predictive value for reproductive success and may not be sensitive or specific to environmentally relevant levels of chemical exposure. Therefore, it is crucial to work toward developing sperm molecular biomarkers that will reflect alterations in a variety of settings that are more closely associated with reproductive success. Previous studies have revealed the significance of the spermatozoal RNA contribution during oocyte fertilization (Ostermeier et al., 2004) and identified specific mRNA patterns that correlate with male fertility or sperm function (Lambard et al., 2004; Wang et al., 2004; Garrido et al., 2009; Lalancette et al., 2009; Garcia-Herrero et al., 2010) . Thus, sperm RNA transcripts are promising diagnostic markers of fertility and semen quality, although inconsistent sperm quality and insufficient purity have hindered the impact of sperm RNA research advances.
Sperm RNA content differs markedly depending upon the collection, preparation, and isolation method used. There are also interspecies differences in sperm morphology and chromatin condensation structure that require modifying the RNA isolation procedure (Das et al., 2010; Shafeeque et al., 2014; Schuster et al., 2016) . A plethora of data exists on sperm RNAs using different species and different targets such as mRNA, piwiRNA, and miRNA; however, they all face similar technical difficulties due to the unique biology of the spermatozoa itself (Das et al., 2010; Feugang et al., 2010) . To this, recent studies have tried to establish a standard, across species, protocol to extract sperm RNA Barragan et al., 2015; Schuster et al., 2016; El et al., 2017) . Consequently, the development of standardized sperm RNA preparation and isolation methods to deliver highly purified and intact RNA is of absolute importance.
To develop a standardized sperm RNA protocol, we reviewed various methods reported in literature and evaluated quality and purity of rat sperm RNAs isolated using different sperm collection, purification, and RNA extraction approaches (Fig. 1) . A combination of mechanical methods, analytical tools, and molecular methods, such as RT-PCR and Western blot, was used to verify the RNA quality and purity.
In contrast to other cell types, spermatozoa are depleted of ribosomal RNA subunits 18S and 28S, which are known to be used to calculate the RIN, a measure of RNA quality (Schroeder et al., 2006; Goodrich et al., 2013) . Despite the absence of the ribosomal RNA in spermatozoa, spectral analysis of RNA abundance by size is still useful to assess sperm RNA quality and purity as the presence of the ribosomal subunits 18S and 28S may Figure 3 Prm2 transcript analysis of rat spermatozoa isolated using different collection and preparation procedures. (A) Prm2 transcript level of whole rat epididymal fluid collected by microdissection (method A) or repeated needle punctures of epididymis (method B). Method A was used as control group. (B) Prm2 transcript levels of rat spermatozoa processed with somatic cell lysis buffer (method D) or red blood cell lysis buffer (method E). Method E was used as control group. Data were analyzed by twotailed Student's t-test. *p-value <0.05. indicate somatic cell RNA contamination. A spermatozoon contains far less RNA than a somatic cell (Krawetz, 2005; Jodar et al., 2013; El et al., 2017) , and collection from rat epididymal fluid, as well as human ejaculate contain somatic cells along with spermatozoa; therefore, sperm purification in the RNA isolation protocol is an essential step. These observations are in conflict with a previous study that reported that ribosomal RNA 18S but not 28S is present in purified spermatozoa (Cappallo-Obermann et al., 2011) . Electropherograms of rat sperm RNAs isolated from epididymal fluid harvested using two collection approaches, microdissection and repeated needle puncture, showed 18S and 28S ribosomal peaks, and similarly showed that the SCLB approach effectively removed all non-sperm RNAs compared to RBC lysis buffer (Fig. 2B) . In general, rat sperm heads are more compact than the human spermatozoa; therefore, a more aggressive approach was needed to isolate rat sperm RNA . Electropherograms confirmed minimal somatic cell and genomic DNA contamination in human samples treated with different concentrations of detergents in the SCLB; we determined that SCLB B (0.05% SDS and 0.25% Triton Figure 5 Human sperm collection, preparation, and RNA isolation. (A) Procedural diagram for human sperm collection, preparation, and RNA isolation. Fresh human semen samples were collected and analyzed according to 2010 WHO guidelines. The ejaculates were immediately washed, and somatic cells were lysed with somatic cell lysis buffer (SCLB) to remove non-sperm cells. 380 Andrology, 2018, 6, 374-383 X-100), a lower concentration than used in a previous human study (SCLB A, 0.1% SDS and 0.5% Triton X-100) (Goodrich et al., 2007) , was optimal in allowing efficient spermatozoa recovery (Fig. 5B) . Additionally, the shape of the electropherogram demonstrated a left-shifted curve, possibly due to the larger percentage of small non-coding RNA molecules (miRNAs Ostermeier et al., 2005 , piwiRNAs Krawetz et al., 2011 and tsRNAs Peng et al., 2012 in the total RNA of spermatozoa. Recent studies reported that a RIN value of~3 is indicative of high-quality spermatozoa (Schroeder et al., 2006; Schuster et al., 2016) , and we found this to be true for both rat (Fig. 2) and human sperm RNA (Fig. 6 ). These findings are in contrast to a previous study suggesting that the RIN value~10, as indicator of rRNA integrity, could be a strong predictor of sperm integrity and quality (Georgiadis et al., 2015) . We also assessed sperm RNA quality by performing RT-PCR for protamine (Prm2/PRM2), leukocyte common antigen (CD45), and E-cadherin (CDH1). PRM2 is highly expressed only during spermatogenesis and is a sperm-specific marker used to assess the integrity of the spermatozoa, while CD45 and CDH1 are selectively expressed in somatic cells, epithelial cells, and leukocytes, respectively. Gene expression analysis confirmed that sperm integrity and quantity was increased in the samples collected via repeated needle punctures compared to the microdissection approach (Fig. 3A) , and samples treated with SCLB showed significant increased Prm2 mRNA levels compared to those ones lysed with RBC lysis buffer (Fig. 3B) . Furthermore, human sperm samples were shown to be free of contaminating somatic cell mRNAs (Fig. 6A) and proteins (Fig. 7) . The key to isolating large amounts of high-quality sperm RNAs is to dissolve the sperm heads completely through the use of reducing agents, mechanical disruption, and increased temperature during lysis. This is an important step because the majority of RNA is localized in the sperm head, representing~60-80% of total sperm RNAs (Peng et al., 2012; Schuster et al., 2016) . Contrary to other cell types, a previous study revealed that Trizol does not work efficiently for sperm RNA isolation. Trizol contains neither denaturants nor reducing agents, both of which are effective in breaking disulfide bonds-enriched chromatin found in sperm nuclei . A lysis buffer with 0.5% N-lauroyl sarcosine and a reducing (0.1 M b-mercaptoethanol) was adopted to fully release sperm RNAs, although the variable efficacy of the lysis buffer across different species was likely due to differences in sperm chromatin compaction. Two approaches were used to lyse rat sperm heads: lysis buffer alone (containing both detergents and reducing agents) and lysis buffer with 100 lL of microbeads plus heating for 5 min to further aid in head lysis and chromatin decompaction (Fig. 1) . Complete lysis of rat sperm nuclei through lysis buffer with additional microbeads, verified by microscopy, enhanced the sperm RNA yield (Fig. 4) . However, due to the interspecies differences in sperm morphology and chromatin condensation (Das et al., 2010; Shafeeque et al., 2014) , human sperm completely dissolved after incubation with lysis buffer at room temperature, and microbeads showed no added benefit (Fig. 5C) .
In summary, both rat and human sperm RNA isolation protocols have been optimized. Similar methods were used with both rat and human spermatozoa to evaluate the RNA protocol. Analytical and molecular biology methods demonstrated the absence of somatic cells and genomic DNA contamination, and the integrity of both rat and human sperm RNA. Based on these findings, we have developed a high-quality standardized RNA isolation protocol with across species adaptations, making the study of sperm RNAs more accessible to both basic biology, clinical and non-sperm-focused laboratories. The methods we have developed are suitable for comparative sperm transcriptomic and small RNA analyses, and de novo characterization of sperm RNA elements in both high throughput (sequencing) and directed (PCR) contexts. In conclusion, this protocol is expected to improve sample procurement from mammalian species and reproducibility of functional genomics studies of fertility and environmental toxicant exposures in both clinical and laboratory animal model settings.
